Introduction {#s1}
============

Posture and locomotion are two important, interdependent factors affecting many biological aspects of tetrapods (e.g., [@pone.0074842-Biewener1]--[@pone.0074842-Fischer1]). Transition in posture and locomotion reflect parallel changes in ecology and may allow for the expansion of a clade into previously unoccupied niches (e.g., [@pone.0074842-Shubin1]--[@pone.0074842-Higham1]). Such transitions in the theropod dinosaur lineage that led to modern birds (e.g., [@pone.0074842-Gatesy1], [@pone.0074842-Middleton1]) and in human evolution (e.g., [@pone.0074842-Thorpe1]--[@pone.0074842-Tallman1]) have been well studied, although many questions still remain. The rare postural transitions from bipedality to quadrupedality in some dinosaurs has recently been shown to have evolved through highly disparate pathways [@pone.0074842-Maidment1]--[@pone.0074842-Maidment3]. Therefore, constraining postural and locomotor abilities in these groups is critical for determining biomechanical or ecological selective pressures acting on these groups.

Dinosaurs independently evolved quadrupedality secondarily at least four times in their evolutionary history in the long-necked sauropodomorphs, horned and frilled ceratopsians, duck-billed ornithopods, and the armored thyreophorans, making them an ideal clade in which to study evolutionary trends related to forelimb posture. The transition from bipedality to quadrupedality is a rare transition in vertebrate evolution, occurring only once outside Dinosauria in silesaurid dinosauriforms [@pone.0074842-Nesbitt1]. Previous research on forelimb posture in dinosaurs has largely focused on ceratopsids [@pone.0074842-Fujiwara1]--[@pone.0074842-Fujiwara2] and sauropodomorphs [@pone.0074842-Bonnan1]--[@pone.0074842-Bonnan5]. In ceratopsids, it has been recognized that forelimb posture may have played a role during intraspecific combative behavior (e.g., [@pone.0074842-Molnar1]). Sauropodomorphs are a model clade for understanding the relationship between increasing body mass (gigantism) and forelimb anatomy [@pone.0074842-Biewener1], [@pone.0074842-Biewener2], [@pone.0074842-Biewener3]. Studies on postural evolution using transitional forms such as *Aardonyx* [@pone.0074842-Yates1], ontogenetic changes in *Massospondylus* [@pone.0074842-Reisz1], and morphometric studies [@pone.0074842-Bonnan3], [@pone.0074842-Bonnan5] have given great insight into the anatomy and evolution of forelimb posture in sauropodomorphs. However, few locomotor-based functional studies on ceratopsians include non-ceratopsid neoceratopsians [@pone.0074842-Fujiwara1], [@pone.0074842-Senter1] or any other marginocephalian and are largely qualitative [@pone.0074842-Bakker1]--[@pone.0074842-Paul1], [@pone.0074842-Russell1]. While qualitative studies are important for our understanding of forelimb posture in ceratopsids and other quadrupedal dinosaurs, they are not repeatable and many produce conflicting results due to uncertainties in the articulations of the pectoral girdle and forelimb elements [@pone.0074842-Bonnan6]--[@pone.0074842-Fujiwara4]. Furthermore, recent studies indicate that archosaurs have a significant amount of cartilage covering the epiphyses of their long bones [@pone.0074842-Bonnan6]--[@pone.0074842-Fujiwara3], thereby limiting our confidence in assigning forelimb posture based on qualitative interpretations of long bone articulation in extinct archosaurs.

Studies on dinosaur posture and locomotion categorize taxa using a dichotomy of sprawling or parasagittal forelimb posture (e.g., [@pone.0074842-Bakker1]--[@pone.0074842-Paul1]). In a sprawling posture, the humerus is directed laterally, and the radius and ulna lie parallel to one another. In a parasagittal posture, forelimb is brought under the body, and the radius crosses the ulna so that the manus can remain directed cranially. While such a strict separation is not reflective of true postural disparity of vertebrates, some general patterns of associated locomotion and biomechanics are correlated with each postural type. As terrestrial vertebrates increase in body mass, their limbs must become increasingly more columnar to maintain appropriate safety factors during locomotion [@pone.0074842-Biewener1], [@pone.0074842-Biewener2]. This scaling relationship suggests that dinosaurs of large body mass would require a parasagittal or semi-sprawled gait. Locomotion is also affected by posture, particularly in the axial column. Animals with sprawling limbs utilize undulations of the vertebral column to aid with locomotion, whereas animals with parasagittal postures rely on flexion and extension of the limbs to propel the body forward (e.g., [@pone.0074842-Alexander1]). Therefore, by understanding aspects of limb posture, reconstructions of kinematic locomotion can be better constrained.

The radius is an important element of the forelimb for quadrupedal locomotion, but it is often neglected in studies on dinosaur locomotion (but see [@pone.0074842-Maidment1], [@pone.0074842-MacLeod1]). In sprawling taxa, or those with a humerus projected laterally from the midline, the radius lies parallel and medial to the ulna ([Fig. 1](#pone-0074842-g001){ref-type="fig"}) [@pone.0074842-Hildebrand1] and is straight ([Fig. 2A, B](#pone-0074842-g002){ref-type="fig"}). In many parasagittal animals, the radius is lateral to the ulna proximally, but it curves about the ulna so that distally it is medial to the ulna [@pone.0074842-Flower1] ([Fig. 1](#pone-0074842-g001){ref-type="fig"}; [Fig. 2C, D](#pone-0074842-g002){ref-type="fig"}). A crossed radius is essential to obtain a parasagittal forelimb posture for many extant mammals because it allows the manus to remain directed cranially (be pronated) when the forelimb is drawn near the midline of the body. Alternatively, the manus would direct laterally as the forelimb was drawn near the midline of the body if the radius was unable to cross the ulna. Arboreal chameleons have converged upon a similar radial morphology as they have adopted semi-parasagittal forelimb postures at certain points in their stride [@pone.0074842-Fischer1], [@pone.0074842-Peterson1]. The radius is also known to play an important role in pronation (palmar surface of the manus ventral) and supination (palmar surface of the manus dorsal) abilities in extant mammals because the shape of the radial head and the curvature of the radial diaphysis affect the ability of the radius to rotate about the ulna while maintaining its articulation with the distal humerus and proximal ulna [@pone.0074842-MacLeod1], [@pone.0074842-Polly1], [@pone.0074842-Iwaniuk1]. This freedom to actively manipulate forelimb elements has many ecological benefits in mammals and arboreal chameleons (e.g., [@pone.0074842-Fischer1], [@pone.0074842-Andersson1]--[@pone.0074842-Figueirido1]). In contrast, limiting this mobility may have been essential for the acquisition of quadrupedality in dinosaurian taxa [@pone.0074842-Yates1], suggesting that obligate quadrupeds with limited pronation ability may serve as analogues for understanding dinosaur locomotion. While many studies on forelimb posture in extinct taxa have focused on articulations between the scapula, humerus, ulna, and manus, or use muscle scars to reconstruct posture and range of motion (e.g., [@pone.0074842-Bakker1]--[@pone.0074842-Paul1], [@pone.0074842-Galton1]), few have attempted to quantify the morphology of forelimb bones (but see [@pone.0074842-Maidment1]) and of these, none have attempted to correlate morphology with a specific posture or rotational ability within the context of a disparate extant data set.

![Antebrachia of sprawling and parasagittal taxa.\
The parallel radius of a sprawling alligator compared to a radius that crosses the ulna in a parasagittal cat. **r** = radius; **u** = ulna.](pone.0074842.g001){#pone-0074842-g001}

![Radii of sprawling and parasagittal extant taxa.\
The radial head (A) and long axis (B) of *Caiman crocodylus* (ROM R7719) shows the flattened ulnar articular surface and relatively straight long axis typical of sprawling taxa. The radial head (C) and long axis (D) of *Ursus americanas* (USNM 49664) shows the rounded ulnar articular surface and curved long axis typical of parasagittal mammals and chameleons. Scale bar = 5 cm. Radial heads not to scale. **rh**, radial head; **sp**, styloid process; **us**, ulnar articular surface.](pone.0074842.g002){#pone-0074842-g002}

The goal of this study is to quantify the curvature of the radius and the morphology of the radial head to quantitatively predict forearm posture and mobility in dinosaurs by first assessing if these metrics accurately predict posture and rotational ability in extant taxa. Under the assumption that the aspects of radial morphology listed above affect forearm posture and range of motion, we predict that dinosaur radii should more closely resemble those of mammals if they had more parasagittal forelimbs capable of active pronation/supination or those of squamates and crocodylians if their forelimbs were sprawled with limited mobility.

Materials and Methods {#s2}
=====================

Materials {#s2a}
---------

A previous study by MacLeod and Rose [@pone.0074842-MacLeod1] used the morphology of the radial head to examine locomotor patterns in Paleogene mammals using extant analogs and worked under the hypothesis that radial head morphology is correlated with the degree of active pronation and supination ability. We are utilizing MacLeod and Rose's [@pone.0074842-MacLeod1] methods to examine forelimb posture and rotational ability in dinosaurs. Theoretically, mammalian-style pronation ability, in which the distal radius rotates about the long axis of the ulna to pronate or supinate the manus, and parasagittal posture can only be achieved with a radius with a rounded radial head and a curved diaphysis, and we use these assumptions as our criteria for determining forearm posture and pronation ability. Extant ungulates (e.g., *Equus*) do not cross the radius over the ulna, yet still have an upright, parasagittal forelimb posture. However, the radius in these taxa is greatly enlarged, and the ulna is significantly reduced. This morphology is not seen in dinosaurs, nor is the converse (enlarged ulna, reduced radius). We therefore chose extant taxa that possess a load-bearing radius that is roughly equal in size with the ulna. Varanid lizards are also capable of pronation and supination but in a way dissimilar to that of mammals [@pone.0074842-Landsmeer1]. The curvature of the radius in mammals should allow the radial head to remain in the same plane while pronating or supinating. In varanids, the radial head becomes slightly displaced and the distal radius must diverge from the distal ulna when the manus is supinated [@pone.0074842-Landsmeer1]. Arboreal chameleons can obtain parasagittal forelimb postures [@pone.0074842-Fischer1], [@pone.0074842-Peterson1], but it is unclear how their active pronation ability compares to that of mammals or varanids. Because a mammalian comparison is often invoked for dinosaur forelimb reconstructions (e.g., [@pone.0074842-Bakker1]), our analyses are specifically meant to test for mammalian-style pronation and supination ability only.

Data were collected from 293 specimens from paleontological and extant osteological collections at the American Museum of Natural History (AMNH), Carnegie Museum of Natural History (CM), Field Museum of Natural History (FMNH), Royal Ontario Museum (ROM), Royal Tyrrell Museum (RTMP), United States National Museum (USNM), and Western Illinois University (WIU). The data set ([Table S1](#pone.0074842.s001){ref-type="supplementary-material"}; [File S1](#pone.0074842.s005){ref-type="supplementary-material"}) includes 189 mammals, 49 non-avian dinosaurs, 35 squamates, 16 birds, and 5 crocodilians. Only one specimen per species was used for extant taxa as to not overinflate the effect each taxon may have on the analyses. However, because the morphology of fossils can be altered during taphonomic processes, we chose to include multiple members of the same species for extinct taxa when available and only used specimens that did not appear to have significant taphonomic distortion. Photographs of the radial head in proximal view and long axis in ulnar view of most radii were taken using a Sony Cybershot 4.1 megapixel camera on a level tripod, but photographs of the bird taxa and four dinosaurs were taken with a Canon 10.1 megapixel DSLR camera. For consistency in our morphometric analyses, photographs were taken at an orthogonal position from the camera lens. Linear measurements of the proximal-distal straight length, length of the arc of curvature (measured from the proximal epiphysis to the distal epiphysis along the curved diaphysis), and length to the bicipital tubercle (from the proximal epiphysis to the insertion of m. biceps brachii) were also taken, but the amount of missing data and major incongruences between the insertion of m. biceps brachii in mammals, squamates, and archosaurs (e.g., [@pone.0074842-Meers1], [@pone.0074842-Nishi1]) limited their usefulness for our study.

To examine differences among extant taxa only, we grouped these taxa into Monotremata (*n = *2), Marsupalia (*n* = 12), terrestrial Eutheria (*n* = 106), Squamata (*n = *35), Crocodylia (*n* = 5), Cetacea (*n = *39), Pinnipedia and Sirenia (*n* = 30), and Aves (*n* = 16) ([Table S1](#pone.0074842.s001){ref-type="supplementary-material"}, 'Extant Analyses Value'). In our analyses of radial morphology in extinct taxa, extant terrestrial taxa were grouped as either 'sprawled, limited pronators' (crocodylians, non-chalaeleonid squamates, and monotremes, *n = *36) or 'parasagittal, active pronators' (therian mammals and chameleons, *n* = 121), and dinosaurs were grouped by higher clades \[Ceratopsia (*n* = 8), Ornithopoda (*n* = 16), Thyreophora (*n* = 6), Sauropodomorpha (*n* = 10), and Theropoda (*n* = 9); ([Table S1](#pone.0074842.s001){ref-type="supplementary-material"}, 'Terrestrial Analyses Values 1′)\] to better capture inter-clade differences [@pone.0074842-Maidment1]. Eutherians and marsupials were found to be significantly different in their radial head morphology (see below), so these two groups were separately compared to dinosaurian groups to determine any effect of this difference on the results. Chameleons were also separated from other squamates because they have adopted a unique lifestyle among squamates [@pone.0074842-Fischer1], [@pone.0074842-Peterson1], and it is currently unclear how chameleons differ in pronation/supination from the described mammalian- and varanid-styles. Because a debate over facultative or obligate bipedality for hadrosaurids exists (e.g., [@pone.0074842-Maidment1], [@pone.0074842-Maidment3], [@pone.0074842-Senter2]--[@pone.0074842-BrettSurman1]) and our data set contains ornithopod taxa generally accepted to be bipedal (e.g., *Parksosaurus*), we ran our analyses with ornithopods grouped split into hadrosaurids (*n = *12) and non-hadrosaurid (*n* = 4) ornithopods to test for more specific intertaxon differences ([Table S1](#pone.0074842.s001){ref-type="supplementary-material"}, 'Terrestrial Analyses Value 2′). The sprawled and parasagittal classifications are likely to capture both postural and antebrachial rotational differences between the groups, although active pronation in some groups of eutherian mammals is much greater (e.g., primates) than other groups (e.g., canids). However, without a more precise understanding of the differences in active pronation ability within these broad taxonomic groups, we used a generalized approach as a baseline upon which more detailed future experiments may be built.

Angle of Curvature {#s2b}
------------------

Mammalian radii have a curved diaphysis that allows the radius to cross the ulna. This curvature is necessary for both mammalian-style active pronation and for directing the manus cranially when the forelimb is parasagittal. We predicted that the degree to which the radius curves about the ulna should separate sprawling and parasagittal taxa based on the orientation of the radius in the two groups. Our metric for the angle of curvature represents the relationship between the plane of the radial head and the plane of the long axis of the radius. An angle of curvature of 90 degrees should represent a straight radius unable to cross the ulna, and an angle of greater than or less than 90 degrees should indicate a curved radius able to cross the ulna [@pone.0074842-Taylor1]. The angle of curvature was measured using ImageJ [@pone.0074842-Abrmoff1] using three points at the lateral distal end of the radius, the proximal, lateral radial head, and across the radial head to the medial surface ([Fig. 3](#pone-0074842-g003){ref-type="fig"}). Because the angle of curvature was non-normally distributed, we used a multiple comparisons Kruskal-Wallis test with a Bonnferroni-corrected *p*-value using the R package pgirmess [@pone.0074842-Siegel1].

![Angle of curvature measurement.\
The angle of curvature was calculated using ImageJ. The vectors for the angle are from the distal medial end up to the radial head and across the radial head. **an**, angle measurement; **p**, proximal.](pone.0074842.g003){#pone-0074842-g003}

Geometric Morphometrics {#s2c}
-----------------------

The radial head interacts with the ulna and distal humerus proximally and is the rotation point for active pronation and supination in mammals [@pone.0074842-MacLeod1]. We chose to use geometric morphometric techniques for their utility in quantifying morphological disparity by simplifying complex shapes using landmarks and semi-landmarks. An outline analysis of the radial head was most appropriate because the radial head lacks easily identifiable landmarks that are consistent among all taxa examined. Sliding semi-landmarks reduce the amount of variance and do not assume homology like normal landmarks. Photographs were first digitized using TPSUTIL [@pone.0074842-Rohlf1]. Outlines of the radial head were created using the left radius or by mirroring the photograph of the right radius in TPSDIG2 [@pone.0074842-Rohlf1] ([File S1](#pone.0074842.s005){ref-type="supplementary-material"}). Specimens were traced from the middle of the ulnar articular surface (the location of the first semi-landmark) clockwise, and the number of semi-landmarks was then adjusted to 20 for each specimen. A landmark was placed at the middle of the ulnar articular surface because it was the most definitive landmark common to all taxa. Curves (semilandmarks) were converted to landmarks using TPSUTIL [@pone.0074842-Rohlf1] and then all 21 points (previously 20 semilandmarks and one landmark) were converted to a single curve using CoordGenMac7a [@pone.0074842-Sheets1]. Twenty-one points is an arbitrary number that was easy to use in our statistical analyses and created an appropriate number of variables given our sample size. Although the number of semi-landmarks is important when comparing similar shapes (e.g., intraspecific studies), the amount of variation in interspecific studies allows for more freedom when choosing the number of sliding semi-landmarks [@pone.0074842-Perez1]. Our arbitrary number should therefore not significantly affect our results.

Geometric morphometric approaches remove the influence of isometric size, location, and orientation of landmark configurations through a generalized Procrustes analysis in partial Procrustes superimposition in relation to the consensus (a mean shape with the lowest sum of squared Procrustes distances from all landmark configurations) [@pone.0074842-Bookstein1]--[@pone.0074842-Slice1]. When using sliding semi-landmarks, a step is added to the generalized Procrustes analysis to reduce variation tangential to the curve by sliding the points along the tangential direction using the minimum bending energy criterion in TPSRELW v.149 [@pone.0074842-Rohlf1]. For the partial Procrustes superimposition, each landmark configuration is first centered at the origin (0, 0) by subtracting the centroid from each (x, y) landmark coordinate for each configuration. The centroid size (the square root of the summed square distance of all landmarks from the centroid) is then scaled to 1 by dividing the centered coordinates by the original centroid size. A partial Procrustes superimposition does not allow the centroid size to vary from 1, unlike a full Procrustes superimposition, and is typically preferred [@pone.0074842-Slice1], [@pone.0074842-Rohlf3]. Specimens are then aligned to the consensus, or mean shape, calculated from a multiple iterative procedure by which all specimens are superimposed on one another. Specimens are then individually rotated to minimize the added squared differences of landmark coordinates between each specimen and the consensus, after which a new consensus is calculated. This procedure is iterated until the consensus stops changing significantly after multiple subsequent iterations [@pone.0074842-Rohlf3]. Once specimens are aligned to the consensus shape, they are said to be in partial Procrustes superimposition.

The thin-plate spline function was then used to express shape differences of the specimens from the calculated consensus in terms of the bending energy matrix (see [@pone.0074842-Bookstein2], [@pone.0074842-Gunz1]), the eigenvectors of which are called the principal warps [@pone.0074842-Bookstein2]. The partial warp scores are calculated by projecting the Procrustes aligned landmark configurations onto the principal warps and are non-uniform shape changes that describe local variation in shape. A relative warp analysis (RWA) is a form of principal components analysis (PCA) using a variance-covariance matrix of the matrix of partial warp scores [@pone.0074842-Rohlf4] and is commonly used in geometric morphometric studies (e.g., [@pone.0074842-Bonnan3], [@pone.0074842-Campione1]). We chose to run a PCA using the statistical software R [@pone.0074842-RDevelopmentCoreTeam1] because it allows for optimization of graphical output, despite not being useful for statistical analyses of sliding, semi-landmarks [@pone.0074842-Webster1]. Initial results showed that the RWA produced by TPS and the PCA produced from the principal warps in R of the extant data set were identical. Marine and winged taxa were excluded from the extinct analyses because their lifestyles differ from the terrestrial dinosaurs examined. While this initial broad taxonomic and ecological sample of extant taxa was unlikely to be useful for testing hypotheses about strictly terrestrial extinct taxa, it allowed us to test if the radial head morphology exhibited a significant phylogenetic signal (using Blomberg et al.'s [@pone.0074842-Blomberg1] *K*) using a matrix of the relative warp scores for all extant taxa examined in the R package phytools [@pone.0074842-Revell1]. The phylogeny and branch lengths were derived from published molecular phylogenies [@pone.0074842-Arnason1]--[@pone.0074842-BinindaEmonds1] ([File S2](#pone.0074842.s006){ref-type="supplementary-material"}).

Semilandmarks reduce the available degrees of freedom such that traditional methods for determining significant differences between groups are inappropriate because the number of free variables exceeds the number of degrees of freedom [@pone.0074842-Webster1]. To determine significant differences between our groups, we used the IMP program TwoGroupMac7 [@pone.0074842-Sheets1] to perform a permutation test of the partial Procrustes distances using Goodall's *F*-test. Permutation tests on the partial Procrustes distances also avoid assumption of normality of the landmarks [@pone.0074842-Webster1]. The output of the PCA is, therefore, unrelated to our test for statistically significant differences, so similarities or differences in morphospace, which are affected by all specimens included, may or may not agree with statistical differences. To correct for multiple pair-wise comparisons, we used a Bonferroni correction to establish our criterion for a truly significant between-group difference, which is calculated by dividing 0.05 by the number of comparisons performed, resulting in significance levels of 0.002, 0.0018, and 0.0011 depending on the analysis.

Results {#s3}
=======

Extant Analyses {#s3a}
---------------

Cetaceans were significantly different in their angle of curvature from marsupials, eutherian mammals, squamates, and pinnipeds ([Table 1](#pone-0074842-t001){ref-type="table"}). Birds and eutherian mammals also differed in angle of curvature (*p*\<0.002), but no other differences among extant groups were found ([Table 1](#pone-0074842-t001){ref-type="table"}). When chamaeleonids and non-chamaeleonid squamates were separated, a significant difference was also found between eutherians and non-chamaeleonid squamates ([Table S2](#pone.0074842.s002){ref-type="supplementary-material"}).

10.1371/journal.pone.0074842.t001

###### Results from the Kruskal-Wallis test on extant taxa.

![](pone.0074842.t001){#pone-0074842-t001-1}

        Mo                  Ma                                  Eu                                   S                   Cr                  Ce                   Pi   A
  ---- ---- ----------------------------------- ----------------------------------- ----------------------------------- ---- ----------------------------------- ---- ----
  Mo    --                  --                                  --                                  --                   --                  --                   --   --
  Ma                        --                                  --                                  --                   --                  --                   --   --
  Eu                                                            --                                  --                   --                  --                   --   --
  S                                                                                                 --                   --                  --                   --   --
  Cr                                                                                                                     --                  --                   --   --
  Ce         [\*](#nt102){ref-type="table-fn"}   [\*](#nt102){ref-type="table-fn"}   [\*](#nt102){ref-type="table-fn"}                       --                   --   --
  Pi                                                                                                                          [\*](#nt102){ref-type="table-fn"}   --   --
  A                                              [\*](#nt102){ref-type="table-fn"}                                                                                     --

Significant differences between extant taxa based on angle of curvature using a Bonferroni-corrected *p*-value. Blank spaces represent non-significant differences between groups.

*p*\<0.002; Mo = monotremes, Ma = marsupials, Eu = terrestrial eutherians, S = squamates, Cr = crocodylians, Ce = cetaceans, Pi = pinnipeds and sirenians, A = avians.

When the shape of the radial head was examined, the first PC axis in the extant-only analysis summarized over 77% of the variance in the data set ([Fig. 4A](#pone-0074842-g004){ref-type="fig"}). The broken stick model showed that PC1 summarized significant variance and PC2 (8.59%) summarizes a proportion of variance slightly more than would be expected by chance alone. Along the positive PC1 axis, the radial head morphology becomes elongate relative to the ulna and stretches away from the articular surface ([Fig. 4](#pone-0074842-g004){ref-type="fig"}), and the radial head compresses toward the articular surface along the negative PC1 axis ([Fig. 4](#pone-0074842-g004){ref-type="fig"}). The positive PC2 axis represents somewhat triangular radial head morphology ([Fig. 4](#pone-0074842-g004){ref-type="fig"}), and the negative PC2 axis represents a more reniform morphology ([Fig. 4](#pone-0074842-g004){ref-type="fig"}).

![Extant radial head PCA.\
A graphical representation of the first two principal components from the analysis containing extant taxa (A). The shape at the origin is represented by the consensus (B). Shape change along the principal component axes is shown with the location of the consensus shown at the origin (B). Landmarks 1 (middle of the ulnar articular surface) and 10 are labeled.](pone.0074842.g004){#pone-0074842-g004}

In the bootstrap analyses of extant groups, many significant differences were recovered ([Table 2](#pone-0074842-t002){ref-type="table"}, [File S3](#pone.0074842.s007){ref-type="supplementary-material"}). Cetaceans and eutherians were significantly different from all groups except monotremes (*p*\<0.0018; [Table 2](#pone-0074842-t002){ref-type="table"}). Marsupials and the pinniped+sirenian group were significantly different from all groups except Aves and monotremes (*p*\<0.0018; [Table 2](#pone-0074842-t002){ref-type="table"}). Crocodilians and squamates were significantly different from all other groups except monotremes and each other (*p*\<0.0018; [Table 2](#pone-0074842-t002){ref-type="table"}). When chalmaeleonids were separated from all other squamates, they were significantly different from cetaceans (*F = *53.08, *p*\<0.0011) and non-chamaeleonid squamates (*F = *11.63, *p*\<0.0011) ([File S3](#pone.0074842.s007){ref-type="supplementary-material"}). Non-chamaeleonid squamates were significantly different from marsupials (*F = *48.33, *p*\<0.0011), eutherians (*F = *36.93, *p*\<0.0011), cetaceans (*F = *367.7, *p*\<0.0011), pinnipeds and sirenians (*F = *48.66, *p*\<0.0011), and birds (*F = *33.8, *p*\<0.0011) ([File S3](#pone.0074842.s007){ref-type="supplementary-material"}). Clemente et al. [@pone.0074842-Clemente1] found no correlation between posture and phylogeny among species of *Vanarus*, and we expected similar results here. A test of phylogenetic signal resulted in a significant *K*-value (*p*\<0.01) for the relative warps scores of our extant data set. However, when mammals and reptiles were analyzed separately, non-significant differences were recovered (mammals, *K = *58.02, *p = *1; reptiles, *K = *16.09, *p* = 1), meaning that the phylogenetic signal is between, but not within, mammals and reptiles.

10.1371/journal.pone.0074842.t002

###### Results from the Bootsrap analyses of extant taxa.

![](pone.0074842.t002){#pone-0074842-t002-2}

         Mo                       Ma                                       Eu                                         S                                        Cr                                        Ce                       Pi    A
  ---- ------- ---------------------------------------- ----------------------------------------- ----------------------------------------- ----------------------------------------- ----------------------------------------- ------ ----
  Mo     --                       --                                       --                                        --                                        --                                        --                       --    --
  Ma    3.08                      --                                       --                                        --                                        --                                        --                       --    --
  Eu    4.63    10.63[\*](#nt104){ref-type="table-fn"}                     --                                        --                                        --                                        --                       --    --
  S     4.42    30.77[\*](#nt104){ref-type="table-fn"}   28.31[\*](#nt104){ref-type="table-fn"}                      --                                        --                                        --                       --    --
  Cr    2.62    34.95[\*](#nt104){ref-type="table-fn"}   13.65[\*](#nt104){ref-type="table-fn"}                     2.67                                       --                                        --                       --    --
  Ce    15.83   81.48[\*](#nt104){ref-type="table-fn"}   362.83[\*](#nt104){ref-type="table-fn"}   321.59[\*](#nt104){ref-type="table-fn"}   101.19[\*](#nt104){ref-type="table-fn"}                     --                       --    --
  Pi    4.39     6.9[\*](#nt104){ref-type="table-fn"}     9.25[\*](#nt104){ref-type="table-fn"}    30.48[\*](#nt104){ref-type="table-fn"}    26.79[\*](#nt104){ref-type="table-fn"}    222.45[\*](#nt104){ref-type="table-fn"}    --    --
  A     1.77                     1.73                    10.28[\*](#nt104){ref-type="table-fn"}    23.84[\*](#nt104){ref-type="table-fn"}    14.03[\*](#nt104){ref-type="table-fn"}    82.76[\*](#nt104){ref-type="table-fn"}    3.66   --

F-scores and significant differences (\*) between extant taxa based on radial head morphology based on the partial Procrustes distances in IMP with a Bonferroni-corrected *p*-value.

*p*\<0.00178; Mo = monotremes, Ma = marsupials, Eu = terrestrial eutherians, S = squamates, Cr = crocodylians, Ce = cetaceans, Pi = pinnipeds and sirenians, A = avians.

Testing Forelimb Posture in Dinosaurs {#s3b}
-------------------------------------

The Kruskal-Wallis test with a Bonferroni-corrected *p*-value found a significant difference in the angle measurements between limited and active pronators (*p*\<0.002). Active pronators were also significantly different from ceratopsians, ornithopods, and sauropodomorphs ([Table S3](#pone.0074842.s003){ref-type="supplementary-material"}). No other significant differences were found ([Table 3](#pone-0074842-t003){ref-type="table"}). When ornithopods were separated, a Bonferroni-corrected significant difference (*p*\<0.0018) was still recovered between hadrosaurids and active pronators, but non-hadrosaurid ornithopods were not significantly different from any group ([Table 3](#pone-0074842-t003){ref-type="table"}), possibly due to small sample size (*n = *4). When chamaeleonids and therians were separated, therians were significantly different (*p*\<0.0018) in their angle of curvature from limited pronators, ceratopsians, thyreophorans and sauropodomorphs, and chamaeleonids were significantly different from thyreophorans ([Table S4](#pone.0074842.s004){ref-type="supplementary-material"}).

10.1371/journal.pone.0074842.t003

###### Results from the Kruskal-Wallis test with non-avian dinosaurs.
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Significant differences between sprawling taxa unable to rotate the radius about the ulna, parasagittal taxa able to rotate the radius about the ulna (to differing degrees), and extinct non-avian dinosaurs based on angle of curvature with a Bonferroni-corrected *p*-value. Blank spaces represent non-significant differences between groups.

*p*\<0.00178; Sp = sprawled, P = parasagittal, C = ceratopsian, NH = non-hadrosaurid ornithopod, H = hadrosaurid, Thy = thyreophoran, Sa = sauropodomorph, The = theropod.

In the PCA of radial head morphology, PC1 summarized 59.78% of the variance ([Fig. 5A](#pone-0074842-g005){ref-type="fig"}). A scree plot revealed that the first three axes summarized more of the variation than should be expected by random chance alone. The positive PC1 axis again represents a radial head morphology elongated away from the ulna ([Fig. 5](#pone-0074842-g005){ref-type="fig"}), whereas the negative PC1 axis represents a morphology compressed toward the articular surface ([Fig. 5](#pone-0074842-g005){ref-type="fig"}). PC2 (20.13%) represents a reniform radial head morphology positively ([Fig. 5](#pone-0074842-g005){ref-type="fig"}) and a triangular morphology with a less curved articular surface negatively ([Fig. 5](#pone-0074842-g005){ref-type="fig"}). PC3 summarizes 8.80% of the variation ([Fig. 5B](#pone-0074842-g005){ref-type="fig"}) and represents a shape change in the radial head from a generally semi-circular radial head with a flat ulnar articular surface (negative, [Fig. 5](#pone-0074842-g005){ref-type="fig"}) to a curved ulnar articular surface with an indent cranial to the ulna (positive, [Fig. 5](#pone-0074842-g005){ref-type="fig"}). Together, the first three principal components summarize 88.71% of the variation in this analysis.

![Terrestrial radial head PCA.\
Principal component scores from the analysis of terrestrial taxa. PC1 vs. PC2 (A) and PC1 vs. PC3 (B) have 95% convex hulls representing the sprawled and parasagittal taxa. The origin of each axis is represented by the shape of the consensus (C). Shape change along the principal component axes is shown with the location of the consensus shown at the origin (C). Landmarks 1 (middle of the ulnar articular surface) and 10 are labeled.](pone.0074842.g005){#pone-0074842-g005}

PC1 and PC3 best separate extant limited and active pronators ([Fig. 5](#pone-0074842-g005){ref-type="fig"}). The negative PC1 axis and positive PC2 axis are occupied by extant limited pronators, and the positive PC1 axis and negative PC3 axis are occupied by extant active pronators. Ceratopsians fall within the morphospace of limited pronators and farther negative than extant limited pronators on PC1. Thyreophorans inhabit a morphospace between the two mobility groups. Theropods and ornithopods do not obviously fall within one group or another, similar to the birds from the extant PCA. A breakdown of the ornithopods into non-hadrosaurid ornithopods and hadrosaurids showed that bipedal non-hadrosaurid ornithopods fall close to extant limited pronators, meaning their ability to actively pronate and supinate was limited, and hadrosaurids fall with extant active pronators.

Bootstrap analyses recovered significant differences (*p*\<0.002) in the radial head morphology of extant limited and active pronators ([Table 4](#pone-0074842-t004){ref-type="table"}, [File S3](#pone.0074842.s007){ref-type="supplementary-material"}). Extant active pronators were also significantly different from ceratopsians (*F = *27.8, *p*\<0.0018), sauropodomorphs (*F = *42.02, *p*\<0.0018), and theropods (*F = *11.69, *p*\<0.0018), but not from ornithopods (*F = *5.78, *p = *0.0028) or thyreophorans (*F = *3.83, *p = *0.0224) ([File S3](#pone.0074842.s007){ref-type="supplementary-material"}). The only dinosaur group that was significantly different from extant limited pronators were sauropodomorphs (*F = *51.85, *p*\<0.0018), which was significantly different from all other dinosaur groups ([Table 4](#pone-0074842-t004){ref-type="table"}; [File S3](#pone.0074842.s007){ref-type="supplementary-material"}). However, when ornithopods were divided, hadrosaurids were significantly different from extant limited pronators (*F = *13.92, *p*\<0.0018), ceratopsians (*F = *11.43, *p*\<0.0018), and non-hadrosaurid ornithopods (*F = *13.95, *p*\<0.0018), and non-hadrosaurid ornithopods were significantly different from extant active pronators (*F = *26.3, *p*\<0.0018) ([Table 4](#pone-0074842-t004){ref-type="table"}). Within the group of extant active pronators, eutherians and marsupials were found to be significantly different from each other (*F = *10.63, *p*\<0.0018), despite our hypothesis that both clades should exhibit active pronation and supination capabilities ([Table 2](#pone-0074842-t002){ref-type="table"}). However, when we tested each group individually against the dinosaur groups, similar results were obtained ([File S3](#pone.0074842.s007){ref-type="supplementary-material"}). When therians and chamaeleonids were separated, therians were significantly different from limited pronators (*F = *46.38, *p*\<0.0018), ceratopsians (*F = *27.85, *p*\<0.0018), sauropodomorphs (*F = *11.73, *p*\<0.0018), and theropods (*F = *42.28, *p*\<0.0018), but chamaeleonids were only different from limited pronators (*F = *8.12, *p*\<0.0018) ([Table S3](#pone.0074842.s003){ref-type="supplementary-material"}).

10.1371/journal.pone.0074842.t004

###### Results from the Bootsrap analyses of terrestrial extant taxa and non-avian dinosaurs.
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F-scores and significant differences (\*) between terrestrial taxa based on radial head morphology based on the partial Procrustes distances in IMP with a Bonferroni-corrected *p*-value.

*p*\<0.00178; Sp = sprawled, P = parasagittal, C = ceratopsian, NH = non-hadrosaurid ornithopod, H = hadrosaurid, Thy = thyreophoran, Sa = sauropodomorph, The = theropod.

Discussion {#s4}
==========

The Radius as an Indicator of Posture and Forearm Rotational Mobility {#s4a}
---------------------------------------------------------------------

The goal of this study was to quantitatively predict and constrain antebrachial posture and utility in extinct dinosaurs using a model composed of a phylogenetically broad sample of extant taxa. The limited number of significant differences for the angle of curvature in the extant data set may likely be due to low sample sizes for some groups, as a significant difference was found when taxa were grouped into mobility categories in the terrestrial analysis including extinct taxa. The PCA of extant taxa appears to be highly skewed by cetacean radii, where the shape along the positive PC1 axis ([Fig. 4](#pone-0074842-g004){ref-type="fig"}) is morphologically similar to that of a cetacean radius. While pinnipeds do not share this morphology, their radial head morphology lies between terrestrial taxa with active and restricted pronation, and this placement in morphospace reflects their limited ability to rotate the radius about the ulna (e.g., [@pone.0074842-English1]). Marine mammals have a unique mode of life very different from terrestrial taxa (including dinosaurs) and would have been inappropriate to compare with obligatory terrestrial taxa. Marsupials, however, also appear to fall in a transitional morphospace between active and restricted pronators based on their radial head morphology, which suggests the amount of active pronation in this group is more limited than in eutherians. We grouped them with eutherian taxa, however, because they have previously been considered parasagittal and are likely capable of some degree of antebrachial rotation (see [@pone.0074842-Sereno1]).

The bootstrap analyses found multiple significant differences among extant groups (*p*\<0.0018). The lack of significant differences between monotremes and other groups is likely due to the low number of species in Monotremata (*n = *2). The difference between the aquatic clades is unsurprising given that cetaceans are completely aquatic and pinnipeds are amphibious. Only two sirenians were used in our study, so their placement in either of these groups is unlikely to dramatically affect the results. The significant difference between marsupials and eutherians might have been driven by an over representation of macropods in the marsupial dataset (*n = *8 out of 12). Macropods do pronate their manus [@pone.0074842-Harvey1], so this result may simply reflect the amount of variation present in the eutherian dataset. This interpretation is supported by relatively similar results when the groups are compared to other groups in both analyses ([Table 1](#pone-0074842-t001){ref-type="table"}, [File S3](#pone.0074842.s007){ref-type="supplementary-material"}). The lack of significant difference between squamates and crocodilians demonstrate that groups primarily composed of taxa with restricted active (mammalian-style) pronation do not significantly differ in their radial morphology, while the significant differences observed between ecologically or posturally dissimilar groups, such as squamates and cetaceans or squamates and eutherians, are expected given these difference. The significant difference in radial head morphology between chamaeleonid and non-chamaeleonid squamates further validates our results given the unique arboreal lifestyle of chamaeleonids [@pone.0074842-Fischer1], [@pone.0074842-Peterson1]. Therefore, our results do indicate that our metrics of radial morphology allow us to predict forearm posture and mobility in extant taxa.

Forelimb Posture in Non-Avian Dinosaurs and the Evolution of Quadrupedality {#s4b}
---------------------------------------------------------------------------

Resolution of the forelimb posture debate in dinosaurs is important to test many hypotheses about the acquisition of large body size in all vertebrates. As mammals increase in size, their parasagittal limbs, those placed under the body near the midline, shift from a crouched posture to an upright posture to maintain safety factors [@pone.0074842-Biewener1], [@pone.0074842-Biewener2], [@pone.0074842-Biewener3], [@pone.0074842-Bertram1]. Safety factors represent the ratio of a stress at which a structure will fail and the actual stress it must endure (e.g., [@pone.0074842-Beer1]). The higher the safety factor, the more tolerant an organism is to high, abnormal forces acting upon its limbs. This same trend toward a more upright limb posture with increased body size has been found in the hindlimbs of birds [@pone.0074842-Gatesy2]. A parasagittal limb has many mechanical advantages, particularly in reducing the force muscles must exert and thus the force bones must resist (e.g., [@pone.0074842-Biewener1]). A parasagittal hindlimb is generally accepted in dinosaurs, and this posture agrees with what is expected for limbs of large-bodied animals [@pone.0074842-Biewener1], [@pone.0074842-Biewener2], [@pone.0074842-Biewener3]. However, if quadrupedal dinosaurs had a sprawling forelimb, as has been suggested [@pone.0074842-Johnson1], [@pone.0074842-Dodson1], [@pone.0074842-Russell1], this arrangement would not only be novel among terrestrial vertebrates, but it would also challenge our understanding of limb bone loadings at large body masses [@pone.0074842-Biewener1], [@pone.0074842-Biewener2].

Bipedality is the ancestral state for all dinosaurian taxa (e.g., [@pone.0074842-Benton1]). While we were mostly interested in the radial morphology of quadrupedal dinosaurs, non-avian theropods and non-iguanodontian ornithopods were included in our analyses as representatives of the ancestral radial morphology. Previous functional studies suggest some non-avian theropods may have had a limited ability to actively pronate their manus [@pone.0074842-Senter3], [@pone.0074842-Carpenter1]. Non-avian theropods show a high range of variation in the angle of curvature and spanned from the extreme negative to the extreme positive morphospace of PC1 ([Fig. 5](#pone-0074842-g005){ref-type="fig"}), suggesting greater differences forelimb function compared to that of quadrupedal dinosaurs [@pone.0074842-Middleton2]. This result is unsurprising given lack of locomotor constraints present on the forelimbs of bipedal taxa and suggests that a wider sampling of theropods could give greater insight to clade-specific differences in forelimb utility. However, their radial head morphology is still significantly different from that of active pronators (*p*\<0.01), thereby supporting previous findings [@pone.0074842-Senter3], [@pone.0074842-Carpenter1]. The lower disparity in both angle of curvature and radial head morphology for non-hadrosaurid ornithopods is likely due to a small sample size, but significant differences between non-hadrosaurid ornithopods and parasagittal mammals in radial head morphology were still recovered ([Table 4](#pone-0074842-t004){ref-type="table"}, [File S3](#pone.0074842.s007){ref-type="supplementary-material"}) suggesting that active pronation in non-iguanodontian ornithopod taxa examined here was unlikely.

Quadrupedal dinosaurs share a number of morphological convergences [@pone.0074842-Maidment1], [@pone.0074842-Maidment3], although their limbs functioned very differently among major clades [@pone.0074842-Maidment2]. We found that the angle of curvature of the radius in ornithopods, ceratopsians, and sauropodomorphs was more similar to that of extant taxa unable to cross their radii over their ulnae than to those that can actively rotate the radius about the ulna. Differences were also observed when the radial head morphology of ceratopsians, non-hadrosaurid ornithopods, and sauropodomorphs were compared to parasagittal taxa (*p*\<0.0018), further supporting a reconstruction of a parallel radius and ulna. The radial head morphology of hadrosaurid ornithopods was found to be significantly different from sprawled taxa (*p*\<0.0018), but without a significant difference in the angle of curvature as well, antebrachial rotation would not have been possible in this taxon. The difference between hadrosaurid and non-hadrosaurid ornithopods suggests a change in radial head morphology occurred during the acquisition of quadrupedality in this group, and we suggest that the forearms of ornithopods should be studied in more detail along this transition to determine the functional reason for this shape change.

Sauropodomorphs were significantly different from many other taxa in radial head morphology (*p*\<0.002; [Table 4](#pone-0074842-t004){ref-type="table"}, [File S3](#pone.0074842.s007){ref-type="supplementary-material"}), but this result is probably a product of our methodology. The midpoint of the radioulnar articulation would have been altered in sauropodomorphs by their developed craniolateral processes, which is more developed than that of other quadrupedal dinosaurs. The craniolateral process of the ulna, convergent in all quadrupedal dinosaur taxa, has been suggested to limit pronation and supination ability by cupping the radial head [@pone.0074842-Maidment1], [@pone.0074842-Bonnan4]. However, our results indicate that active pronation would have been severely limited in some quadrupedal dinosaurs by radial morphology alone, suggesting the craniolateral process may have instead acted to stabilize the radius during locomotion.

Thyreophorans were not found to be significantly different from either extant group (parasagittal taxa or sprawling taxa) except when marsupials and eutherians were divided, in which case they were significantly different than marsupials in radial head morphology (*p = *0.0004; [File S3](#pone.0074842.s007){ref-type="supplementary-material"}). Rather than suggesting this pattern could be attributable to an 'intermediate' amount of active pronation and a radius that may slightly cross the ulna, it is likely the small thyreophoran sample size is hindering our ability to statistically conclude patterns of radial morphology. However, the angle of curvature in the thyreophoran sample is near 90 degrees ([Table S1](#pone.0074842.s001){ref-type="supplementary-material"}), and we predict that a significant difference between thyreophorans and parasagittal taxa would be found given a more comprehensive sample. It is also possible that these results indicate a varanid-like pronation style in thyreoporan locomotion, but further tests examining this hypothesis should be explored.

Using the radius alone to assess forelimb posture and utility has limitations. First, because no alternative exists, we are limited to the sprawled/parasagittal and presence/absence of active pronation ability dichotomies. Many authors have noted that problems lie with the current dichotomy of either sprawled or parasagittal forelimb posture (e.g., [@pone.0074842-Fujiwara1], [@pone.0074842-Paul1]). Considering that there would have been a gradual shift from the sprawled posture seen in many sauropsids to a parasagittal posture seen in many mammals, this criticism is not surprising and can also be applied to the dichotomy for pronation ability. Some postural studies will use terms such as "semi-sprawled" or "semi-erect" (e.g., [@pone.0074842-Dodson1], [@pone.0074842-Gambaryan1]--[@pone.0074842-Reilly1]) but these terms are unspecific, theoretically including any posture in which the resting position of the humero-ulnar joint is between 90 and 180 degrees. While better classification that incorporates a continuum of postures is obviously needed (see [@pone.0074842-Carrano1]), none yet exists for use in the current study. There is also ambiguous terminology used when assigning active pronation and supination abilities in species (e.g., [@pone.0074842-Thewissen1], [@pone.0074842-Argot1]) and when discussing forelimb evolution (e.g., [@pone.0074842-Polly1]). Due to a lack of methodology specifically designed to quantify this range, we are unable to correct for it here and thus classified antebrachial rotation and posture dichotomously.

The evolution of pronation ability in extant taxa may be causally linked to arboreality. Arboreal or scansorial locomotion has been hypothesized for the common ancestor of therian mammals, and this lifestyle is associated with increased pronation and supination ability [@pone.0074842-Haines1]--[@pone.0074842-Matthew1]. While it is beyond the scope of this study to comment on the selective pressures acting on increased forearm rotation, the convergence of a semi-parasagittal gait in the chameleon step-cycle [@pone.0074842-Fischer1], [@pone.0074842-Peterson1] supports a functional connection between this lifestyle and forearm function. If this hypothesis were to be supported by future studies, it would be unclear how pronation/supination would have been selected for in dinosaurs, given that no quadrupedal dinosaur is hypothesized to have been arboreal.

The bipedal ancestry of dinosaurs may have instead allowed them to develop novel quadrupedal forelimb postures not seen in any extant, primary quadrupeds. Fujiwara [@pone.0074842-Fujiwara2] recognized that the forelimb of *Triceratops* may have been arranged so that the manus was directed laterally rather than cranially, but pronation of the manus was achieved by obtaining a 'sauropod-like' metacarpal configuration [@pone.0074842-Bonnan4]. The laterally directed manus was also hypothesized by Rasmussen [@pone.0074842-Rasmussen1] for *Ouranosaurus* and by Senter [@pone.0074842-Senter2] for hadrosaurids and has been supported by some ichnological studies [@pone.0074842-Wright1] but not all [@pone.0074842-Lockley1]. Because of the direct link between the radius and manus, the orientation of the radius should directly affect the orientation of the manus. A 'sauropod-like' metacarpal configuration has also been found in thyreophorans [@pone.0074842-Senter4], [@pone.0074842-Senter5] and has been used to argue obligate quadrupedality in hadrosaurids [@pone.0074842-Maidment1]. An upright posture with a cranially-directed manus is only observed in taxa that cross their radii over their ulnae, or reduce the ulna to such a degree that they essentially have only one antebrachial element (i.e., ungulates). Therefore, we suggest that the convergent 'sauropod-like' manus structure seen in all quadrupedal dinosaurs could have functioned to direct the manus craniolaterally to partially pronate the manus without crossing the radius over the ulna, creating a novel, possibly more columnar forelimb posture than what is seen in antebrachium of most mammals. If supported by future research, this conclusion could give insight into the methodological limitations of using extant analogues (mammals and reptiles) when inferring the morphological adaptations for body size and locomotor habits in secondarily quadrupedal dinosaurian taxa.
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